Sub-arcsecond (0. 5) images of H 2 CO and CCH line emission have been obtained in the 0.8 mm band toward the low-mass protostar IRAS 15398-3359 in the Lupus 1 cloud as one of the Cycle 0 projects of the Atacama Large Millimeter/Submillimeter Array. We have detected a compact component concentrated in the vicinity of the protostar and a well-collimated outflow cavity extending along the northeast-southwest axis. The inclination angle of the outflow is found to be about 20
Introduction
Understanding the formation of disks around young low-mass protostars is an important target for studies of star formation. Although rotationally supported protostellar disks have been found in Class I sources, they have been reported in only a few Class 0 sources (Tobin et al 2012; Yen et al. 2013; Murillo et al. 2013; Lindberg et al. 2014) . Even absence of such a disk down to 45 AU is claimed for the Class 0 protostar NGC 1333 IRAS 2A (Maret et al. 2014; Brinch et al. 2009 ). Hence, disk formation in the Class 0 stage is still controversial. This is because disks are generally difficult to identify in Class 0 sources due to the overwhelming emission from protostellar envelopes and outflows. Furthermore, the disk structure in Class 0 sources is expected to be small, and high spatial resolution and high sensitivity observations are essential.
IRAS 15398-3359 is a low-mass Class 0 protostar in the Lupus 1 molecular cloud at a distance of 155 pc (Lombardi et al. 2008) . A molecular outflow was detected by single-dish observations of CO emission (Tachihara et al. 1996; van Kempen et al. 2009 ).
Based on the relatively large overlap between the blue and red lobes of the outflow (CO J = 3-2) observed with the James Clerk Maxwell Telescope (θ HPBW ∼ 15 ), the outflow was thought to have a pole-on geometry (van Kempen et al. 2009 ). Mardones et al. (1997) observed H 2 CO and CS lines toward this source to search for signs of infall without success.
On the other hand, Kristensen et al. (2012) reported the presence of an inverse P-Cygni profile of the H 2 O 1 10 -1 01 at 557 GHz, indicating an infalling motion of the envelope on a scale of about 10 4 AU. Recently, Jørgensen et al. (2013) detected a ring structure of the H 13 CO + J = 4-3 emission on 150-200 AU scales. They proposed that the ring structure is caused by the destruction of HCO + through reactions with H 2 O that is evaporated by the enhanced luminosity due to a recent accretion burst.
IRAS 15398-3359 also shows peculiar chemical features in other ways. Various carbon-chain molecules such as CCH, C 4 H, and CH 3 CCH are detected in the vicinity of the protostar, which is characteristic of so-called warm carbon-chain chemistry (WCCC) sources (Sakai et al. 2008 (Sakai et al. , 2009 Sakai & Yamamoto 2013) . Recently, the kinematic structure of another WCCC source, L1527, was resolved in Atacama Large Millimeter/Submillimeter Array (ALMA) observations, and was well reproduced by a model of an infalling rotating envelope (Sakai et al. 2014b) . The radius of the centrifugal barrier, at which all the kinetic energy is converted to the rotational energy, was determined by comparing the observations with the model. From this radius, the protostellar mass was evaluated. Since both L1527 and IRAS 15398-3359 are WCCC sources, it is interesting to investigate whether the envelope of IRAS 15398-3359 has a similar structure. To explore when and how a rotationally supported disk is formed around protostars, a deep insight into the structure of the envelope of Class 0 protostars is useful. With these motivations, we conducted ALMA observations toward IRAS 15398-3359 in several molecular lines.
Observations
Observations (Jørgensen et al. 2013 ). We did not observe any other significant line features in the observed frequency range.
Results

Overall Distribution of H 2 CO and CCH
Figure 1(a) shows the moment 0 (integrated intensity) map of H 2 CO (5 15 -4 14 ). The most prominent feature is a well-collimated outflow extending symmetrically from the protostar along a northeast-southwest axis. The outflow has a very straight-wall structure, as in the case of the HH46 outflow (Arce et al. 2013) . The northeastern lobe of the outflow is redshifted, while the southwestern lobe is blueshifted, as shown in the moment 1 (velocity field) map of Figure 1 (b) . In these observations, the emission extending over scales of 12 or larger is not reliable due to the lack of short baselines. Although the outflow size looks compact (about 8 for each lobe), the emission of the outer part may be resolved out or may be weak due to insufficient excitation conditions. The apparent width of the outflow is 4 at a distance of 8 from the protostar. 
Outflow
We first analyze the outflow feature observed in the H 2 CO (5 15 -4 14 ) line. elliptic feature with a knot-like distribution at the higher-velocity range. This knot-like structure corresponds to Clump A in Figure 1 (a). The gas in the cavity wall seems to be expanding.
We employ the standard model of an outflow cavity from Lee et al. (2000) to analyze the observed geometrical and kinematical structures of the outflow, where the outflow cavity is assumed to have a parabolic shape and its velocity is proportional to the distance to the protostar:
where z denotes the distance to the protostar along the outflow axis, and R the radial size of the cavity perpendicular to z. R 0 and z 0 are both normalization constants, and are set to be 1 . with the high-velocity component. This means that the CCH emission from the outflow part primarily traces the compressed ambient gas around the outflow cavity rather than the entrained outflow gas. CCH may be formed by gas-phase reactions in dense photodissociation region layers (e.g. Jansen et al. 1995a Jansen et al. , 1995b Sternberg & Dalgarno 1995) .
Protostellar Envelope
As shown Figure 8 . Therefore, the velocity gradient could be a signature of an infalling motion in the envelope rather than outflow.
An infalling/rotating signature is not clearly seen in the PV diagrams for CCH (F 2 ) (Figures 7(c) and (d)), in contrast with the well-studied low-mass Class 0 protostar L1527 (Sakai et al. 2014a (Sakai et al. , 2014b ) at a distance of 140 pc (Torres et al. 2007 ). In L1527, whose protostellar mass and inclination angle are 0.18 M and 5
• , respectively, the velocity shift from the systemic velocity observed for the CCH line is 1.8 km s −1 at a radius of 100 AU from the protostar (Sakai et al. 2014a ). On the other hand, the velocity shifts from the systemic velocity are as small as 1 km s −1 and 0.7 km s −1 for H 2 CO and CCH, respectively, in IRAS 15398-3359 (Figure 7 ), despite the low inclination angle of this source (20 • ). Although IRAS 15398-3359 is similar to L1527 in its large-scale (∼ a few 1000 AU) chemical composition (Sakai et al. 2009 ), the infalling/rotating motion is not very clear.
In this observation, we resolve structure down to 78 AU (0. 5) around the protostar.
Nevertheless the observed line width is narrow. This means that the Doppler shift due to infalling/rotating motions around the protostar should be small. In principle, the small velocity shift could be explained if the dense gas were not associated with the protostar, that is, if it were mostly present in the outflow. However, this possibility seems unlikely because the outflow motion cannot well explain the velocity gradient in Figure 7 (b) for H 2 CO, as mentioned above. Hence, the small velocity shift likely implies a low protostellar mass. The upper limit of the central mass is roughly estimated from the maximum velocity shifts from the systemic velocity. Under the energy conservation law, the central mass M can be represented in terms of the infalling velocity (v infall ) and the rotation velocity (v rotation ) at the distance r to the protostar as:
By use of this relation, the central mass can roughly be estimated to be smaller than 0.09 M with a maximum velocity of less than 1 km s −1 at 0. 5 (78 AU) from the protostar.
Here, we assume as a robust case that the infalling velocity and the rotating velocity are both the observed maximum value of 1 km s −1 in Figure 7 (a). In the case of no rotation (free fall), the upper limit to the central mass is estimated to be about 0.04 M .
Comparison with an Envelope Model
In the case of L1527, which has similar chemical features to IRAS 15398-3359, the toy model of the infalling rotating envelope shown in Figure 8 has been applied to analyze the observational results for c-C 3 H 2 and CCH (Sakai et al. 2014a (Sakai et al. , 2014b . This model assumes that the gas motion follows the particle motion, which is governed by the gravity of the central mass with conservation of energy and angular momentum. A power-law distribution of the density is employed, and the intensity is assumed to be proportional to the column density along the line of sight. In spite of such a simple model, the basic features of the PV diagrams observed in L1527 for c-C 3 H 2 and CCH are well reproduced. Therefore, it is worth applying the same model to the velocity structure observed for H 2 CO and CCH in IRAS 15398-3359. In L1527, CCH resides only in infalling rotating the envelope. Hence, it is preferable to examine the toy model with the CCH line. However, the PV diagrams of CCH in IRAS 15398-3359 are complex due to the hyperfine structure, and their S/Ns are insufficient for critical comparison. In contrast, the emission of H 2 CO (5 15 -4 14 ) is bright enough in IRAS 15398-3359. Although H 2 CO is present in the inner disk-like structure as well as the infalling rotating envelope in L1527, the latter contribution is significant (Sakai et al. 2014a ). Hence, we compared the model results with the H 2 CO (5 15 -4 14 ) data of IRAS 15398-3359. Details of the calculation with the model is described in Appendix. 
Discussion
The low mass of the protostar IRAS 15398-3359 (< 0.09 M ) is essentially derived from the narrow line width in the inner envelope (r < 80 AU) which has an almost edge-on configuration. The above mass estimate may suffer from the uncertainty of the inclination angle of the envelope/disk. If the inclination angle is larger, the mass evaluated by the model becomes larger. However, the upper limit of the protostellar mass does not change significantly, even if an inclination angle of 30
• is employed.
By use of the dynamical timescale of the extended outflow (1-2 × 10 3 yr for each lobe; U.A., Yıldız et al. submitted to A&A) and the upper limit of the central mass (< 0.09 M ) obtained in this study, the average accretion rate is calculated to be less than 9.0 × 10 −5 M yr −1 . The dynamical timescale of the outflow can be regarded as the lower limit, because the older part of the outflow may not be detected. Hence, the above accretion rate is regarded as the upper limit. Nevertheless, this estimate is roughly consistent with the typical accretion rate for low-mass protostars of (10 −5 -10 −6 ) M yr −1 (e.g., Hartmann et al. 1997) , and may be higher than that for another WCCC source L1527 (10 −6 M yr −1 ; Ohashi et al. 1997) . By use of the mass and the dynamical timescale of the outflow reported by van Kempen (2009), the mass outflow rate is calculated to be 6.3 × 10 −6 M yr −1 and 2.2 × 10 −6 M yr −1 for the red and blue lobes, respectively. These values correspond to 1.7 × 10 −5 M yr −1 and 6.0 × 10 −6 M yr −1 , when an inclination angle of 20
Hence, the mass accretion rate and the mass outflow rate are roughly comparable to each other.
On the other hand, the mass accretion rate can be estimated by use of the equation (Palla & Stahler 1991) 
where the L is the luminosity and the R star the radius of the protostar. By using the obtained upper limit to M (0.09 M ), the mass accretion rateṀ is estimated to be larger than 1.6 × 10 −6 M yr −1 with L = 1.8 L (Jørgensen et al. 2013 ) and R star = 2.5 R (e.g., Palla 1999; Baraffe & Chabrier 2010) . This lower limit is consistent with the abovementioned upper limit (9.0 × 10 −5 M yr −1 ). In spite of the episodic accretion suggested by Jørgensen et al. (2013) , the average mass accretion rate is not very different from the canonical value (10 −5 -10 −6 M yr −1 ).
On the other hand, the upper limit of the protostar/envelope mass ratio is evaluated to be 0.18 from the upper limit of the protostellar mass of 0.09 M and an envelope mass of 0.5 M ). The ratio is 0.04, if the mass of 0.02 M is employed.
Hence, the ratio seems smaller than that in L1527 (0.2; Tobin et al. 2012) . This implies that the protostar is in the infant stage and is still growing. Since the specific angular momentum brought into the inner region is smaller in the earlier stage of the protostellar evolution, it seems likely that the rotation signature is not so evident as in the L1527 case.
The H 2 CO distribution has a centrally concentrated component with a single-peaked distribution, whereas the CCH distribution is more flattened (Figure 2) . Therefore, the H 2 CO line traces the inner region in comparison with the CCH line. This trend is also seen in the observations of L1527 (Sakai et al. 2014a) . It should be noted that Figure H 2 CO may be present even at ∼ 10 AU, according to its maximum velocity shift (∼ 3 km s −1 ). We here stress that extensive studies of the disk structure in Class 0 sources have now become possible with ALMA and that a chemical approach will be of help to such studies.
Our result reveals that the disk/envelope structure can be observed with various molecular lines. Hence, the chemical evolution can be investigated even in the disk-forming stage.
This paper makes use of the following ALMA data set ADS/JAO.ALMA#2011.0.00777.S.
ALMA is a partnership of the ESO (representing its member states), the NSF ( 
A. Configuration of the Envelope Model
In our envelope model, the three-dimensional space is sectioned into meshes centered around the protostar, as shown in Figure 11 , and each mesh has data of the abundance of the gas and the velocity field. The intensities of the emission from the meshes are calculated under the assumptions as follows.
• The motion of the gas is approximated by the particle motion, where the gas pressure is neglected. The particle motion is governed only by the gravity of the central mass with conservation of its energy and angular momentum.
• The envelope has a flared shape with a flared angle of 20
• . Its outer radius is fixed to be 240 AU, which is the radius shown in Figure 7 (a).
• Although the envelope is not spherical, the density of the gas in the envelope is assumed to be proportional to r −1.5 outside the centrifugal barrier for simplicity (e.g., Shu 1977; Ohashi et al. 1997; Harvey et al. 2003) . This corresponds to the density profile of an infalling cloud. However, this choice is rather arbitrary in this study, because our main interest in this model is on the velocity field of the gas around the protostar. Furthermore, we assume that the gas is absent inward of the centrifugal barrier. Namely, no rotationally supported disk structure is considered. This can be justified by a lack of the clear Keplerian rotation feature in the PV diagram.
• The molecular emission is simply assumed to be optically thin. Therefore, the intensity is just proportional to the number of molecules along the line of sight. No radiative transfer effects are considered.
• The spectral line has a Gaussian profile with a line width of 0.5 km s −1 , and the emission is observed with a Gaussian beam with a FWHM of 0. 6 × 0. 6.
• The number of the meshes is fixed to be 2 7 + 1 3 and each mesh is a cube with a size of 0. 04 (= 6.2 AU). The velocities of the gas are discretized with a step of 0.04 km
The model parameters are the inclination angle i, the central mass M , and the radius of the centrifugal barrier r CB . The radius of the centrifugal barrier is represented as
where G is the gravitational constant. It is the radius at which all the kinetic energy is converted to the rotational energy, and is determined by the relative strength of the gravitational force and the centrifugal force. Hence, specification of r CB and M means specification of the specific angular momentum L m . The infalling and rotating velocities of particles at the distance r to the protostar are represented as follows: a Taken from CDMS (Müller et al. 2005 ).
b Nuclear spin degeneracy is not included.
